Harmonic distortion has garnered a lot of interest in the recent past due to the high advent of the non-linear electronic loads. Moreover, newer technologies including distributed generation and electric vehicles are anticipated to be part of the distribution systems at a mass scale in the near future. This makes it of utmost importance to evaluate the existing power distribution systems and analyze the possible constraints. This research study makes an effort to evaluate the harmonic distortion in the distribution systems caused by the various non-linear residential loads. The experimentally developed harmonic spectrums, of several home appliances, are deployed for the simulation of a typical UK distribution system using Electrical Transient Analyzer Program (ETAP). The results show high level of harmonic distortion, at the Point of Common Coupling (PCC), in the distribution system which becomes even more aggravated when a higher loading level, of the distribution transformer, is considered.
Introduction
Power quality has enjoyed an increased interest in the recent years because the non-linear residential loads which draw non-sinusoidal current are increasing day by day [1] . This is due to the fact that most of the home appliances including Television (TV), HiFi systems, Compact Fluorescent Lamps (CFL), Personal Computers (PC) and different devices chargers use the rectification phenomena producing harmonic distortion [2] . Harmonic distortion can be described as the production of the unwanted frequency components as the integer multiple of the fundamental frequency component [3] . A term generally deployed to compute the harmonic pollution is Total Harmonic Distortion (THD) which can be defined as: "The ratio of the harmonic content to the fundamental quantity, expressed as a percentage" [4] . 
where M 1 and M h represent the magnitude of the fundamental and the hth harmonic component, respectively, of the current or the voltage waveform. According to the IEEE standard [5] , Total Harmonic Distortion in Voltage (THD v ) and Individual Harmonic Distortion in Voltage (IHD v ) for the system voltage level up to 69 kV should not go beyond 5 % and 3 % respectively whereas the limits for the Individual Harmonic Distortion in Current (IHD i ) are given in Table 1 . The higher level of harmonic distortion in a distribution system reduces the efficiency of the system because of the increased line and transformer losses [6] . Efforts have been carried out at different scales to analyze the harmonic pollution, produced by the residential loads, and the potential impacts on the distribution systems. Different research works were carried out to investigate the harmonic distortion produced by the PCs, CFLs, printers, gaming machines, washing machines and microwave ovens [7] [8] [9] [10] [11] [12] . However, all these works considered either only one or only a few home appliances to access the impacts on the distribution systems, which makes it necessary to evaluate the combined effect of all these appliances and extend it further by including more household appliances. Therefore, it is necessary to develop a harmonic spectrum library of commonly used home appliances and then deploy it to evaluate the collective impact of all these appliances on a distribution system. This research work makes an effort to address this issue by combining the experimental and simulation results.
Experimental Setup and Results
An experimental setup, as shown in Fig. 1 , was designed and implemented in the Smart Grid laboratory at Glasgow Caledonian University, UK, to analyze the harmonic spectrum (amplitude and phase spectrum) of the current waveform drawn by the various home appliances. The current waveform drawn by a microwave oven along with its amplitude spectrum is shown in Fig.  2 . The total harmonic distortion in the current waveform (THD i ) for the microwave oven was found to be 30.56 %, according to the IEEE standards, with a true power factor equal to 0.90. True power factor (PF true ) is defined as the ratio of the total actual power (P) to the total apparent power (S), whereas, displacement power factor (PF disp ) is defined as the cosine of the angle between the respective fundamental components of the voltage and the current [13] .
Similarly, the current waveforms drawn by CFL, freezer, fridge, refrigerator, TV, digital receiver box, DVD player, gaming console, PC, laptop, printer, and washing machine were also analyzed.
Distribution system under study
A typical UK distribution system, presented in [14] , as shown in Fig. 3 , in which a 500 kVA transformer is supplying power to 100 homes, was considered for this study. 
Harmonic analysis
Simulations were carried out, to obtain the voltage and current waveforms at Bus Bar 3 which is the Point of Common Coupling (PCC), a point where another consumer can be supplied [15] , for all the homes, considering different loading levels of the distribution transformer. Reference [16] found that the average load on the distribution transformers does not exceed 20 % loading. However, these are designed to give the maximum efficiency at approximately 75 % loading [17] . Therefore, simulations were carried out at 20 % and 75 % loading of the distribution transformer to have a comparison. All the appliances mentioned in Section 2 were modelled as non-linear loads while the rest of the load was modelled as a linear load with a typical power factor of 0.85 [18] . The loading details are summarized in the Table 2 .
The non-linear appliances mentioned in the table above represent 54.53% of the total loading which is in agreement with the UK National Statistics for the domestic loads [19] . 
Current and voltage waveform at 20 % loading
Current waveform at bus bar 3 is shown in Fig. 4 and its amplitude spectrum is presented alongside it. The current waveform is highly distorted as compared to an ideal sine wave due to the high penetration of non-linear loads and has a THD i value of 42.20 %. The 3rd, 5th, 7th, 11th and 13th harmonics, having an IHD i of 24.76 %, 17.82 %, 20.20 %, 11.80 % and 8.17 % respectively have values higher than the maximum standard values. When this highly distorted current flows through the system impedance it also causes the voltage waveform distortion. The voltage waveform at PCC and its amplitude spectrum are illustrated in Fig. 5 .
The THD v being equal to 3.70 % is within the acceptable standard limit. Moreover, none of the individual harmonics crosses the standard threshold. 
Current and voltage waveform at 75 % loading
Current waveform at the PCC is shown in Fig. 6 and its amplitude spectrum is presented alongside it. The current waveform is highly distorted with a THD i value of 42.74 %. The 3rd, 5th, 7th, 11th and 13th harmonics were found to be violating the standard limits. The voltage waveform at PCC and its amplitude spectrum are presented in Fig. 7 . THD v has an alarmingly high value equal to 12.51 % which is very high as compared to the THD v (3.70 %) at 20 % loading. In addition to the THD v , 5th, 7th, 9th, 11th, 13th, 15th, 17th and 31st harmonics also fail to satisfy the standard values set for THD v (5 %) and IHD v (3 %) respectively.
Even though the distribution transformers are designed to have the maximum efficiency at 75 % loading, however, the increased harmonic pollution will reduce the overall efficiency of the system due to the increased system losses as mentioned in Section 1. 
Conclusions
The experimental results combined with the simulation results showed that most of the home appliances draw highly distorted current waveform which produces a high level of harmonic distortion when connected to a distribution system. The situation becomes even more critical when the high level loading of the distribution transformers is considered which forces the THD v , at PCC, to go beyond the standard limit along with several other individual harmonic components. Therefore, operating the distribution transformers near the maximum efficiency may not be as beneficial as anticipated due to the increased losses incurred by the elevated harmonic pollution. Considering a co-relation between the harmonic distortion and the loading level, it is necessary to investigate the harmonic distortion variation throughout the day as the load varies. This will help the utility engineers to design more robust distribution systems against the harmonic distortion. Moreover, the results will be useful in raising the awareness among the masses, and all the stake holders in the power industry, regarding the harmonic pollution in the distribution systems and its consequences.
